The research purpose of this study was to uncover the grouping of the water supply-and-demand structure in the Yellow River Basin (YRB) of China, focusing on the balance between groundwater and surface-water. Comparing the structure of water usage and the structure of groundwater usage estimated by previous studies in each region, 35 municipalities were selected and they were classified into 12 catchments in focusing on the geographical location and the similarity of the shape of the structure of water supply-and-demand. In the upper reaches, surface-water is mainly used and the share of agricultural usage is small, therefore, seasonal variability of groundwater usage is small. On the other hand, in the middle and the lower reaches, the share of groundwater is large and the share of agricultural usage is large, therefore, seasonal variability of groundwater usage is large. Especially, these characteristics are obvious in the Loess Plateau. In addition, surface-water is mainly used again in the lowermost reaches. The results qualitatively identify the spatial pattern of the classification of water supply-and-demand structure and investigate the geographical heterogeneity within each catchment. Performing a GIS (Geographic Information System) -based estimation is meaningful for grasping the geospatial pattern of water supply-and-demand structure and for providing an area-by-area report of the situation of the water resource usage. It is hoped that this study serves as an academic reference for optimizing the water resource management and for providing some policy recommendations on resource's sustainability by using a GIS-based approach.
Introduction
Many problems are currently recognized in relation to the development and use of water in the Yellow River Basin (YRB). Most importantly, the amount of water is inadequate, despite the development of large-scale water projects in recent decades. There has been a marked decline in water volumes since the 1980s because of a succession of dry seasons. As there is now less usable surface-water, groundwater is being extracted on a large scale in the plains regions. As a result, groundwater levels have drastically declined over large areas. The conflicts arising from unbalanced supply-and-demand of water are becoming more acute in arid and semi-arid regions that have inadequate amounts of water. Because groundwater extraction is now excessive over 52% of the YRB, cultivation is becoming more difficult, and deep groundwater, such as fossil water that has been stored for as long as 10,000 years, is being exploited. In addition, rapidly growing cities and industries are putting pressure on the [21] . Resolution is around 1120 m [19] . [19] . Resolution is around 1120 m [19] .
At this point, the volumes of surface-water and groundwater, i.e., the total amount of water supply, were mixed together because of methodological limitations, whereas our task was to separate the effects for the two types of water and to focus on the usage balance of groundwater and surfacewater. Therefore, the next stage was to perform a GIS-based estimation of water supply-and-demand structure at the municipality scale in the context of this study. [21] . Resolution is around 1120 m [19] . Withdrawal amount of groundwater as industrial water in the Yellow River Basin and the North China Plain in 1996, summarized in each polygon of the county (×10 4 t/km 2 /y) [19] . Then, we selected 35 municipalities (see Table 1 ; Figure 5 ), covering most of the YRB, and assigned them to 12 catchments, according to their similarities in the structure of water supply-anddemand ( Figure 6 ). For each of the 12 catchments, we compared the groundwater usage estimates of Ichinose et al. (2009) [19] (e.g., Figure 2 -4) with the water usage estimates of Onishi et al. (2006a Onishi et al. ( , 2006b Onishi et al. ( , 2007 Onishi et al. ( , 2009 Onishi et al. ( , 2012 [4] [5] [6] [7] [8] . Onishi's data were estimated by county, so we similarly aggregated the data for the municipalities. The surface-waters in the catchments do not flow out to the ocean (i.e., they are part of the inner watershed) in the central part of the basin ( Figure 5 ). To evaluate the seasonal variability of groundwater use, we applied a ratio of the peak value among the four seasons of agricultural use to total industrial and household usage over a 3-month period (see Table 1 ). The However, the seasonal variation of agricultural water extraction volumes is very large. Therefore, to understand groundwater behavior, extraction scenarios that accurately reflect agricultural records must be established, rather than just setting up a simple irrigation model and estimating seasonal variations. When such extraction scenarios have been established, breakdowns of groundwater demand can then be established for individual regions, and seasonal water adaptation measures that account for interactions with surface-water can be considered. In the field of environmental informatics, Maqsood et al. (2003) [23] , Luo et al. (2003) [24] , Li et al. (2008) [25] , and Guo et al. (2010) [26] focused on water resource management as it relates to water trading imbalances and climate change adaptation. Nevertheless, their examinations of water resource management did not include regional variations.
Data on the structure (categories of use) of surface-water usage are lacking, and actual usage is difficult to establish. In this study, we attempted to map surface-water usage by directly comparing the water usage estimated by Onishi et al. (2006a Onishi et al. ( , 2006b Onishi et al. ( , 2007 Onishi et al. ( , 2009 Onishi et al. ( , 2012 [4] [5] [6] [7] [8] with the groundwater usage estimated by Ichinose et al. (2009) [19] , region by region.
Our aims were to (1) overcome existing data limitations resulting from inconsistent governmental statistical data on water resources that are difficult to apply at the municipal scale; (2) reveal regional patterns of the water supply-demand structure in a new and innovative way and capture the geographical heterogeneity within each catchment by using a GIS-based approach; (3) better understand the balance between groundwater and surface-water use to optimize the water resource management in the future.
The rest of this paper is structured as follows. First, Section 2 explains the data production and methodological approach about the GIS-based estimation. Then, Section 3 highlights the results of water supply-and-demand structure in the YRB, by focusing on the balance between groundwater and surface-water usage and by revealing the comprehensive regional pattern of water supply-and-demand in each catchment. Last, Section 4 summarizes the key findings and conclusions and reaffirms the research significance.
Materials and Methods
Onishi et al. (2006a, 2006b, 2007, 2009, 2012) [4] [5] [6] [7] [8] and Ichinose et al. (2009) [19] used data for the years 1997 and 1996, respectively. Ichinose et al. (2009) [19] presented maps in which groundwater usages for industry and households were expressed in a grid and aggregated by county. We used these same data for our analysis and selected 2009 as our target year, under the consideration of the consistency and integrity of our dataset. Basic data used in this study were not recent. This study's purpose was not an introduction of the current water resource issue in the YRB, but a trial on a new methodology of estimation under the public data limitation. This study, therefore, chose data of 1996 which all data are available for the framework of this study. This approach will be useful for other countries which have a similar situation of public data with China. As shown in Section 1, such water resource problem still remains in the YRB now. As mentioned in Section 1, how to perform a GIS-based estimation of water supply-and-demand in terms of surface-water and groundwater will be highlighted in this section.
Considering that Onishi et al. [4] [5] [6] [7] [8] had proposed a logical framework for analyzing a series of hydrological cycles and realizing a strict estimation of water supply-and-demand by county, this study followed Onishi's approach for achieving the calculation. Their model represented counties in the YRB as boxes, with water volumes obtained from rainfall and evaporation volumes, and with extraction and waste volumes estimated from levels of industrial and economic activity. They used industrial classifications and production values estimated from population statistics and gross domestic product (GDP) figures. They obtained water-use demand patterns for different crops, areas of irrigation, and other related information from published statistics and similar sources. They arranged the boxes from upstream to downstream over the entire basin and, by linking the boxes along the path of the river, established cascade relationships from upstream to downstream [4] [5] [6] [7] [8] [27] [28] [29] .
At this point, the volumes of surface-water and groundwater, i.e., the total amount of water supply, were mixed together because of methodological limitations, whereas our task was to separate the effects for the two types of water and to focus on the usage balance of groundwater and surface-water. Therefore, the next stage was to perform a GIS-based estimation of water supply-and-demand structure at the municipality scale in the context of this study.
Then, we selected 35 municipalities (see Table 1 ; Figure 5 ), covering most of the YRB, and assigned them to 12 catchments, according to their similarities in the structure of water supply-and-demand ( Figure 6 ). For each of the 12 catchments, we compared the groundwater usage estimates of Ichinose et al. (2009) [19] (e.g., Figures 2-4) with the water usage estimates of Onishi et al. (2006a Onishi et al. ( , 2006b Onishi et al. ( , 2007 Onishi et al. ( , 2009 Onishi et al. ( , 2012 [4] [5] [6] [7] [8] . Onishi's data were estimated by county, so we similarly aggregated the data for the municipalities. The surface-waters in the catchments do not flow out to the ocean (i.e., they are part of the inner watershed) in the central part of the basin ( Figure 5 ). To evaluate the seasonal variability of groundwater use, we applied a ratio of the peak value among the four seasons of agricultural use to total industrial and household usage over a 3-month period (see Table 1 ). The ratio categories were defined as follows: <10%, low; 10% to 100%, medium-low; 100% to 200%, medium; 200% to 400%, medium-high; and >400%, high. On the other hand, the selected 35 municipalities did have spatiotemporal diversity, regional heterogeneity and characteristic complexity. The reason why we selected the YRB as our study area should also be noted. First, based on our face-to-face investigations toward the local residents, the urban water usage and agricultural water usage have numerous regional characteristics and seasonal variability (cf. Ichinose et al., 2009 [19] ). For example, in the lower reaches of the YRB, e.g., Zhengzhou and Ji'nan, the surface-water is the main supply; in Luoyang, the surface-water is under a unified scheduling and management though the governmental facilities (e.g., dam); in Xi'an, both groundwater and surface-water are fully used for satisfying the urban residents' needs; however in middle reaches (e.g., Yan'an, Yulin), there is a shortage of surface-water and the groundwater is the major resource for the agricultural irrigation. Furthermore, it is also meaningful to consider the seasonal variability of the water demand, towards the goal of the development of intelligent agricultural irrigation and water management systems. Based on the above-mentioned, this study aimed to reveal regional patterns of the water supply-demand structure and to capture the geographical heterogeneity within each catchment in the entire YRB, by considering the balance of groundwater and surface-water and the seasonal variability of water usage by categories, i.e., industry, household and agriculture. On the other hand, the selected 35 municipalities did have spatiotemporal diversity, regional heterogeneity and characteristic complexity. The reason why we selected the YRB as our study area should also be noted. First, based on our face-to-face investigations toward the local residents, the urban water usage and agricultural water usage have numerous regional characteristics and seasonal variability (cf. Ichinose et al., 2009 [19] ). For example, in the lower reaches of the YRB, e.g., Zhengzhou and Ji'nan, the surface-water is the main supply; in Luoyang, the surface-water is under a unified scheduling and management though the governmental facilities (e.g., dam); in Xi'an, both groundwater and surface-water are fully used for satisfying the urban residents' needs; however in middle reaches (e.g., Yan'an, Yulin), there is a shortage of surface-water and the groundwater is the major resource for the agricultural irrigation. Furthermore, it is also meaningful to consider the seasonal variability of the water demand, towards the goal of the development of intelligent agricultural irrigation and water management systems. Based on the above-mentioned, this study aimed to reveal regional patterns of the water supply-demand structure and to capture the geographical heterogeneity within each catchment in the entire YRB, by considering the balance of groundwater and surface-water and the seasonal variability of water usage by categories, i.e., industry, household and agriculture.
Results
The results are discussed below and summarized in Figure 6 and Table 1 .
Uppermost Reaches of the Yellow River (Qinghai Province)
Xining (3400 km 2 ) and Haidong (18,006 km 2 ) are located in this catchment. Livestock farming is common in this area, but water usage in industry and households is several times that in agriculture, so seasonal variations in groundwater usage are at the low level. In Xining, the peak agricultural usage was a little less than 0.05 × 10 4 m 3 /km 2 (all values are per 3-month period unless otherwise specified), while non-agricultural usage was slightly greater than 0.45 × 10 4 m 3 /km 2 . Agricultural demand was greater than 2 × 10 4 m 3 /km 2 from spring to summer, almost all of which was supplied from surface-water. About three times as much surface-water as groundwater was used for non-agricultural purposes.
Upper Reaches of the Yellow River (Gansu Province)
Lanzhou (12,600 km 2 ), Baiyin (20,400 km 2 ), and Linxia (8209 km 2 ) are located in this catchment. Usage in industry and households was at about the same level as the agricultural peak usage (spring), and there was little seasonal variation in groundwater usage (at the middle-low level). In Lanzhou, the peak agricultural usage was slightly less than 0.1 × 10 4 m 3 /km 2 , while non-agricultural usage was just under 0.2 × 10 4 m 3 /km 2 . Agricultural demand was greater than 1 × 10 4 m 3 /km 2 from spring (mainly for wheat) to summer (maize), almost all of which was supplied from surface-water. About five times as much surface-water as groundwater was used for non-agricultural purposes.
Upper Reaches of the Yellow River (Ningxia Province)
Yinchuan (3100 km 2 ), Shizuishan (5310 km 2 ), and Wuzhong (27,068 km 2 ) are located in this catchment. Usage in industry and households was about two to three times the agricultural peak, and there was little seasonal variation in groundwater usage (at the middle level). In Yinchuan, the peak agricultural usage was slightly less than 0.15 × 10 4 m 3 /km 2 , whereas non-agricultural usage was just over 0.7 × 10 4 m 3 /km 2 . Agricultural usage was around 15 × 10 4 m 3 /km 2 from spring to summer, almost all of which was supplied from surface-water. In Ichinose et al. (2009) [19] , this region was modeled with wheat being raised in the spring and maize in the summer. However, as noted in Onishi et al. (2006a Onishi et al. ( , 2006b Onishi et al. ( , 2007 Onishi et al. ( , 2009 Onishi et al. ( , 2012 [4] [5] [6] [7] [8] and other studies, the Qingtongxia Irrigation District is a well-known rice-producing area. Accordingly, surface-water usage was assumed to be consistent with the production of rice. About three times as much surface-water as groundwater was used for non-agricultural purposes.
Middle Reaches of the Yellow River (Inner Mongolia Province)
Hohhot (17,200 km 2 ), Baotou (27,700 km 2 ), Ordos (87,428 km 2 ), and Bayannur (41,021 km 2 ) are located in this catchment. Usage in industry and households was much smaller than the agricultural peak, so the seasonal variation in groundwater usage was at a high level. In Bayannur, the agricultural peak was just over 0.7 × 10 4 m 3 /km 2 , while non-agricultural usage was slightly less than 0.1 × 10 4 m 3 /km 2 . There was a demand for water in agriculture from spring to autumn (peaking at a little more than 3.5 × 10 4 m 3 /km 2 in the summer), almost all of which was supplied from surface-water. Perhaps because the areas of the municipalities are very large, the water demand volumes per unit area were small as compared to the case of Ningxia, which has similarly severe aridity and large evaporation volumes. About five times as much surface-water as groundwater was used for non-agricultural purposes.
Lower Reaches of the Yellow River (He'nan Province)
Luoyang (13,799 km 2 ) and Sanmenxia (10,141 km 2 ) are located in this catchment. Ordinarily, these municipalities would be regarded as a part of the middle Yellow River, but we included them in the lower reaches because of their relative location to other catchments. Usage in industry and households were smaller than the agricultural peak, so the seasonal variation in groundwater usage was at the medium-high level. In Luoyang, the peak agricultural usage was slightly greater than 1.8 × 10 4 m 3 /km 2 , while non-agricultural usage was just over 0.5 × 10 4 m 3 /km 2 . There was demand for water in agriculture from spring (mainly for wheat) to summer (maize) (peaking at a little more than 2.2 × 10 4 m 3 /km 2 in the spring), almost all of which was supplied from groundwater. The model in Ichinose et al. (2009) [19] appears to have closely portrayed actual agricultural conditions. About three times as much surface-water as groundwater was used for non-agricultural purposes.
Lowermost Reaches of the Yellow River (Shandong Province)
Ji'nan (5215 km 2 ), Tai'an (7692 km 2 ), and Dongying (6757 km 2 ) are located in this catchment. Usage in industry and households was less than 20% of the agricultural peak, and the seasonal variation in groundwater usage was at the medium level. In Ji'nan, the peak agricultural usage was slightly less than 1.2 × 10 4 m 3 /km 2 , while non-agricultural usage was a little over 0.6 × 10 4 m 3 /km 2 . There was a high demand for water in agriculture from spring (mainly for wheat) to summer (maize) (peaking at about 13 × 10 4 m 3 /km 2 in the spring), almost all of which was supplied from surface-water. About four times as much surface-water as groundwater was used for non-agricultural purposes.
3.7. Dividing Region between the Yellow River and the Wei River (Gansu Province, Ningxia Province) Dingxi (19,604 km 2 ) and Guyuan (16,783 km 2 ) are located in this catchment. Usage in industry and households was less than 50% of the agricultural peak, and the seasonal variation in groundwater usage was at the medium level. In Guyuan, the peak agricultural usage was just over 0.2 × 10 4 m 3 /km 2 , while non-agricultural usage was slightly less than 0.15 × 10 4 m 3 /km 2 . Agricultural demand was about 1.7 × 10 4 m 3 /km 2 from spring (mainly for wheat) to summer (maize), almost all of which was met from surface-water. Non-agricultural demand seemed to be almost entirely dependent on groundwater. In Dingxi, the dependency on groundwater was a bit greater. About five times as much surface-water as groundwater was used for non-agricultural purposes.
Upper Reaches of the Wei River (Gansu Province, Shaanxi Province)
Tianshui (13,800 km 2 ), Pingliang (11,225 km 2 ), Qingyang (24,209 km 2 ), and Baoji (15,013 km 2 ) are located in this catchment. Usage in industry and households was less than 60% of the agricultural peak, and the seasonal variation in groundwater usage was at the medium level. In Pingliang, the peak agricultural usage was about 0.2 × 10 4 m 3 /km 2 , while non-agricultural usage was slightly less than 0.1 × 10 4 m 3 /km 2 . Agricultural demand was about 0.6 × 10 4 m 3 /km 2 from spring (mainly for wheat) to summer (maize), most of which was supplied from surface-water, in a ratio of about 3:1. About six times as much surface-water as groundwater was used for non-agricultural purposes, but the dependency on groundwater was a little greater in Baoji.
Lower Reaches of the Wei River (Shaanxi Province)
Xi'an (9107 km 2 ), Xianyang (10,200 km 2 ), and Tongchuan (3900 km 2 ) are located in this catchment. Usage in industry and households was less than 100% of the agricultural peak, and the seasonal variation in groundwater usage was at the medium-high level. In Xianyang, the peak agricultural usage was slightly greater than 1.2 × 10 4 m 3 /km 2 , while non-agricultural usage was just over 0.4 × 10 4 m 3 /km 2 . Agricultural demand was slightly less than 3 × 10 4 m 3 /km 2 from spring (mainly for wheat) to summer (maize), most of which was supplied from surface-water, in a ratio of about 3:1. About three times as much surface-water as groundwater was used for non-agricultural purposes. In Tongchuan, which is farther away from the Wei River than the other communities, agricultural water was mostly supplied from groundwater. It also appeared that industries predominantly used surface-water.
Middle Reaches of the Yellow River (Shaanxi Province)
Yan'an (37,089 km 2 ), Yulin (43,493 km 2 ), and Weinan (12,283 km 2 ) are located in this catchment. Usage in industry and households was less than 40% of the agricultural peak, and the seasonal variation in groundwater usage was at the medium-high level. In Yulin, the peak agricultural usage was slightly greater than 0.45 × 10 4 m 3 /km 2 , while non-agricultural usage was slightly less than 0.2 × 10 4 m 3 /km 2 . Agricultural demand was a little less than 0.3 × 10 4 m 3 /km 2 from spring (mainly for wheat) to summer (maize). It seems likely that agricultural usage was almost entirely supplied from groundwater, and non-agricultural demand was also supplied from groundwater. Weinan is closer to the Wei River, so its dependency on surface-water is greater.
Middle Reaches of the Yellow River (Shanxi Province)
Taiyuan (7000 km 2 ), Lueliang (21,144 km 2 ), and Jinzhong (8534 km 2 ) are located in this catchment. Usage in industry and households was less than 100% of the agricultural peak, and the seasonal variation in groundwater usage was at the medium-high level. In Jinzhong, the peak agricultural usage was about 1 × 10 4 m 3 /km 2 , while non-agricultural usage was about 0.4 × 10 4 m 3 /km 2 . Agricultural demand was around 1.5 × 10 4 m 3 /km 2 from spring (mainly for wheat) to summer (maize), most of which was supplied by surface-water, in a ratio of about 2:1. Non-agricultural demand was mainly met from groundwater. In Taiyuan, a substantial amount of surface-water was used for industry. In Lueliang, it seems likely that almost all water was supplied from groundwater.
The Catchments in Southern Shanxi Province (around the Fen River)
Yuncheng (13,968 km 2 ), Linfen (20,279 km 2 ), and Jincheng (7749 km 2 ) are located in this catchment. Usage in industry and households was much smaller than the agricultural peak, and the seasonal variation in groundwater usage was at the high level. In Yuncheng, the peak agricultural usage was just over 1.4 × 10 4 m 3 /km 2 , while non-agricultural usage was about 0.3 × 10 4 m 3 /km 2 . Agricultural demand was around 2.3 × 10 4 m 3 /km 2 from spring (mainly from wheat) to summer (maize), most of which was supplied by surface-water (the Yellow River), in a ratio of about 2:1. Non-agricultural volumes were small, and they appeared to be supplied from groundwater. In Linfen, where the flow of the Fen River is small, almost all of the water demand appeared to be supplied from groundwater. In Jincheng, apart from prominent industrial use of surface-water (the Yellow River), almost all water demand was met from groundwater, although the volumes withdrawn were small.
Discussion and Conclusions
In this study, we aimed to reveal regional patterns of the water supply-demand structure in the Yellow River Basin and capture the geographical heterogeneity within each catchment to better understand the balance between the groundwater and surface-water use and to provide an academic reference for water resource management optimization.
In general, municipalities in the upper catchments depended on surface-water and the proportions used for agriculture were small, so seasonal variations in groundwater usage were small. In contrast, communities in the middle and lower catchments were much more dependent on groundwater and the proportions used for agriculture were large, so seasonal variations in groundwater usage was large. This tendency was particularly striking on the Loess Plateau. Municipalities in the lower catchments (i.e., farthest downstream) were mainly dependent on surface-water.
Despite having similar usage patterns of groundwater, differences were observed in the structures of water supply and demand, mainly because of the use of surface-water in some of the catchments. Differences in the water supply-and-demand structures were striking, particularly in the middle reaches, and they appeared to be primarily related to access to surface-water (i.e., the main rivers). Outside of agriculture, surface-water is primarily used by industry.
This research will contribute to the reasonable water resource management in the YRB through lending water among sources and municipalities (catchments) in cases of water resource shortage.
